Antioxidant activities (including photo-antioxidant activities) of flavonoids were evaluated fundamentally and kinetically for the potential to produce plastic food packages with high antioxidant performance and food safety. Chalcones with two aromatic rings acquire additional another ring by ring-closure in the metabolic pathway of chalcones and form a flavanone (naringenin), with dramatically decreased antioxidant activities. As further metabolism proceeds, naringenin produces various flavonoids, which gradually acquire antioxidant activities comparable to and finally higher than those of chalcones. Therefore, a plant can again form an enhanced antioxidant, especially with photo-antioxidant activities. In general, flavonoids are present in the concentration of 1-10 mmol/dm 3 in plants. The metabolite with the highest antioxidant activities, quercetin, was found to protect a plant almost completely in the concentration of 0.5 mmol/dm 3 from harmful UV radiation. The complex metabolic pathway of tyrosine or phenylalanine to flavonoids will be partly necessary for the safe photo-synthesis of plants without suffering UV damage. Such flavonoids are expected to be useful for the safe stabilization of petro chemicals, especially food packages.
Introduction
Food safety has recently become an important topic, and is becoming a big social problem. The safety and effective preservation of foods must be guaranteed in relation to the consumption period. Food safety is mainly concerned with the properties of the foods, but also depends on the characteristics of the packing materials. In particular, various phenomena relating to the penetration of oxygen into the packaging and contents, for instance, oxidative degradation and multiplication of undesirable bacteria, are examples of important factors to be considered. On the other hand, light-proof packing materials are also necessary to prevent de gradation of foods, resulting in direct loss of flavor and taste. Therefore, the packing materials must achieve stabilization of foods against both oxidative and light degradation processes. Packing materials may contain various additives, which must not be harmful even if transferred to the foods, and must be effective in the lowest concentrations possible. However, present additives cannot preserve foods in the longer term. In addition, additives with both high antioxidant and photoantioxidant activities are rare. As a result, more active and functional additives are needed.
Previously we investigated phenols originating from plants, which are safely eaten in current diets, as a way to approach these problems. Investigation of the metabolism pathway of phenylalanine and tyrosine to flavonoids 1) found that phenylpropanoids such as pcoumaric acid have high antioxidant activities, but low photo-antioxidant activities 2) . In addition, chalcones derived from a phenylpropanoid, p-coumaric acid, were explained about a relationship between chemical structures and functions 3) . Chalcones have considerably higher photo-antioxidant activity, in comparison with that of p-coumaric acid, based on the A ring of the chalcone formed by malonyl CoA. Chalcones are metabolized to flavonoids known as polyphenols in the further metabolism of plants. Flavonoids are assumed to have high-performance antioxidant activities, but no detailed study has examined for the antioxidant activities including photo-antioxidant activity.
Flavonoids with a benzene ring with two or more hydroxyl substituent groups or their derivatives are known as natural polyphenols, and are widely distributed in higher plants 1),4) . Typical molecules have the general chemical structures as shown by Formula 1, and include two benzene rings called the A and B rings and a pyran ring called the C ring. The A ring is derived from malonyl CoA, and the C ring is derived from the C6-C3 structure of p-coumaric acid. In general, almost all flavonoids occur as glycosides, bonded through the hydroxyl group on ring A or C, if available. Flavonoids are not produced in animals, but only in plants, and are classified based on the chemical structures of the C ring as illustrated in Scheme 1. Therefore, the flavonoids originate in the different growth mechanisms of animals and plants in the natural world.
Living cells of animals and plants are attacked by autoxidation, initiated by external factors, such as oxygen and/or UV radiation, which progresses through the series of chain reactions shown in Fig. 1 . Ultraviolet radiation can initiate harmful autoxidation, which can be prevented by blocking the UV radiation or trapping the chain carrier radicals (R・and ROO・), especially the peroxy radicals, formed by the action of heat and/or UV radiation. In this study, the antioxidant and photoantioxidant activities of flavonoids were investigated, by comparison with those of chalcones, to evaluate the application of such polyphenols to food-packing materials. In addition, the environment for photosynthesis in plants without suffering damage from radiation is also discussed briefly.
Experimental

1. Materials
Flavonoids used in this study, such as naringenin (flavanone), taxifolin (flavanonol), apigenin and luteolin (flavone), genistein (isoflavone), and kaempferol, and quercetin (flavonol), were commercial reagents.
5-Hydroxyflavone was synthesized by Eq. 1. 2,6-Dihydroxyacetophenone (1.52 g, 0.01 mol) was added to dry acetone (50 ml), then potassium carbonate (6.91 g, 0.05 mol) was added. After stirring for 20 min at room temperature, benzoic acid chloride (1.40 g, 0.01 mol) was added. The mixture was refluxed for 24 h, then cooled to room temperature, and the solvent was evaporated. The residue was extracted with ether. The ether extract was washed with distilled water and saturated aqueous NaCl and dried over anhydrous sodium sulfate. The solvent was removed in vacuo, and the resulting crude product was purified by silica gel chromatography (eluent: benzene) and a recrystallization from ethyl acetate _ hexane to obtain pale yellow needle crystals. The identification was done with Fourier transform-infrared spectroscopy (FT-IR) and 1 Other materials, such as solvents, azo-bis-isobutyronitrile (AIBN), hydroquinone, catechol and resorcinol, 3,5-di-t-butyl-4-hydroxytoluene (BHT), and 2-hydroxybenzophenone (2-HBP) were purified by conventional methods. 2',4-Dihydroxychalcone was prepared according to the procedure described in a previous paper 3) .
Measurement of Oxygen Absorption Rate
A substrate in a solvent was oxidized under oxygen atmosphere in an air-tight reaction system connected to a transducer detecting minute changes of the inside pressure. The reaction temperature was 50 , and the initiator was AIBN. BHT and 2-HBP were used as reference antioxidant and UV absorber, respectively. The transducer and related instruments were purchased from Toyoda Machine Works, Ltd. as Transducer DD102A-100K and DD200CS-100K.
3. Measurement of Antioxidant Activity of
Flavonoid Antioxidant activity as compared with photoantioxidant activity was obtained from an autoxidation without UV irradiation. The reaction system described in Section 2. 2. was used. Styrene or ethyl linoleate (2.0 mol/dm 3 ) was oxidized in the presence of a flavonoid (10 -4 mol/dm 3 ), using AIBN (10 -2 mol/dm 3 ) as initiator in benzonitrile under diffused light. Antioxidant ratio (%) represents the rate of the oxidation velocity controlled by a flavonoid or other antioxidant: 0% means no oxidation inhibition, and 100% means complete inhibition.
4. Measurement of Photo-antioxidant Activity of
Flavonoid The same procedure as described in Section 2. 3. was repeated for photo-oxidation. However, the oxidation was carried out under UV irradiation ( 290 nm mimicking UV radiation reaching the earth surface), to clar-ify the function of a flavonoid to control the oxidation rate accelerated by UV radiation. The light source was an Ushio Optical Modulex with a 500 W high-pressure mercury lamp manufactured by Ushio Inc. The photoantioxidant activity was evaluated as photo-antioxidant ratio (%): 0% means no photo-oxidation inhibition, and 100% means no occurrence of photo-oxidation.
5. Photo-chemical Constant
Photo-chemical constants, λmax and ε, were measured using a UV spectrometer UV-2450 manufactured by Shimazdu Corp.
Results and Discussion
1. Establishment of Reaction System
First, the model reaction system was established to ensure a homogeneous reaction system to obtain reproducible and precise data, by changing the substrate and/or the solvent, because several flavonoids are not dissolved homogeneously in chlorobenzene often used in model oxidation systems due to their high hydrophilic nature. Therefore, combinations of styrene-chlorobenzene, styrene-benzonitrile, or ethyl linoleate-benzonitrile were selected and examined as shown in Table 1 .
2',4-Dihydroxychalcone as a standard additive gave almost consistent results regardless of substrates and solvents used, indicating that the chalcone is dissolved homogeneously in either chlorobenzene or benzonitrile, and that the type of solvent does not affect measured results. In contrast, naringenin used as a typical flavonoid gave different results depending on the combination of substrate and solvent. Naringenin did not demonstrate any activity due to the heterogeneous phase on the basis of molecular association in a reaction system consisting of chlorobenzene and styrene. We cannot assert whether naringenin is dissolved on the molecular level in a combination of naringenin, benzonitrile and ethyl linoleate, but this system seems good for measuring the antioxidant activity, because such a combination system is visually homogeneous and gives plausible and almost constant activity (antioxidant ratio of about 6.8%), even if the stirring speed of the reaction solution is changed over a wide range, and also the oxygen pressure is changed.
In practice, an aqueous system will be preferable to obtain more precise information on the activity of naringenin. At present, however, there are no preferred initiator and substrate for this purpose. Therefore, methyl linoleate and benzonitrile were used as substrate and solvent in the following experiments.
2. Antioxidant and Photo-antioxidant Activities
of Flavonoids Antioxidant activities were measured for several flavonoids and related compounds with hydroxyl group(s) on benzene ring(s) ( Table 2) . Comparison of the antioxidant activity of chalcone and naringenin showed a dramatic decrease, partly ascribable to the disappearance of the C _ C double bond of chalcone caused by formation of the C ring. Apigenin with such a double bond recovered some antioxidant activity, but definitely less than the original chalcone. In addition, 5-hydroxy- flavone and 5,7-dihydroxyflavone with no hydroxyl group on the B ring had no antioxidant activity at all. Therefore, flavonoids seem to inherit the properties of the parent chalcone, meaning that a hydroxyl group on the B ring is important for antioxidant activity. Luteorin with an additional hydroxyl group or catecholtype hydroxyl groups on B ring showed higher antioxidant activity than the chalcone, 2',4-dihydroxychalcone. This may correspond to the fact that catechol is the best antioxidant among the simple phenols as shown in Table 3 : a monohydric phenol exhibits only kinh of 0.65 10 4 dm 3 ・mol -1 ・s -1 even at 65 , but a dihydric phenol has considerably higher kinh values at 50 . In particular, catechol shows the highest kinh value of 13.0 10 4 dm 3 ・mol -1 ・s -1 . Hydroquinone has scattered measured values, due to its insufficient solubility in chlorobenzene. Therefore, a catecholic structure may be essentail to the excellent antioxidant activity of a flavonoid, as supported by the comparison of quercetin with kaempherol. Table 4 shows the photo-antioxidant activities and the photo-chemical constants (λmax and ε) of flavonoids. 5-Hydroxyflavone and 5,7-dihydroxyflavone did not show any antioxidant activity at all ( Table 2) , but had photo-antioxidant activities. Clearly the photoantioxidant activity is inherited, even if the structure near the A ring of the chalcone is changed by the formation of the C ring. Therefore, the 4-oxo-5-hydroxy moiety is important for photo-stabilization.
The effect of the C2 _ C3 double bond in the central C ring can be discussed by comparing flavonoids with or without such a double bond, for example, apigenin and naringenin or quercetin and taxiforin. In either combination, the double bond enhances the photo-antioxidant activity of the flavonoids. It is plain that the extension of the conjugation system containing a 4-oxo-5hydroxy benzene moiety through the double bond is necessary for the increase in the photo-antioxidant activity. Table 5 shows photo-antioxidant activities of another series of 2-hydroxybenzoyl compounds 5) . Comparison of the groups connected to the 2-hydroxybenzoyl shows that unsaturated hydrocarbon groups control photo-oxidation better than saturated groups. In particular, a group giving a more enlarged conjuga-tion system, such as styryl, seems to improve photoantioxidant activity much more 5) . This fact may be explained by the resonance stabilization of a photoexcited species with the C2 _ C3 double bond of the flavonoid C ring.
The photo-antioxidant effect of hydroxyl group(s) on the A, B, or C ring can be summarized as follows. Comparison of 5-hydroxyflavone and 5,7-dihydroxyflavone found rather less photo-antioxidant activity for the latter flavone. A similar result was observed for benzophenone derivatives as shown in Table 6 . An electron-withdrawing or donating group on the p-position to the carbonyl group, for example, a 5-hydroxyl group in the case of a flavonoid, seems to decrease the photoantioxidant activity.
In contrast, hydroxyl group(s) on the B ring seem important to the antioxidant activity. Such hydroxyl group(s), found in taxifolin, genistein, or kaempherol, do not contribute to the photo-antioxidant activity at 0.1 mmol/dm 3 (see, Table 4 ), but to the antioxidant activity. In addition, apigenin and luteorin, and kaempherol and quercetin have quite similar chemical structures, except for the number of hydroxyl group(s) on the B ring, but these pairs of flavonoids clearly show that the additional hydroxyl group to a monohydric phenolic group is necessary to increase the antioxidant activity of a flavonoid (see, Table 2 ). Interestingly, the catecholic moiety can also enhance the photo-antioxidant activity of flavonoids, suggesting that a flavonoid does not control a photo-oxidation only by absorbing UV radiation, as discussed later ( Table 4 ).
The effect of the 3-hydroxy group on the C ring can be discussed by comparing apigenin with kaempherol or luteorin with quercetin. The hydroxyl group can greatly enhance the photo-antioxidant activity of a flavonoid, especially at a rather high concentration of 5 10 -4 mol/dm 3 .
A flavonoid with a higher UV absorption coefficient (ε) would show a higher photo-antioxidant activity, if acting as a simple UV absorber. However, no such relationship is observed. That is to say, the photoantioxidant activity of a flavonoid is not based only on the simple UV absorption. Flavonoids except for naringenin, taxifolin, and genistein show activities compa- rable to or higher than that of 2',4-dihydroxychalcone, although these flavonoids and chalcone have similar ε values of about 20,000. Nevertheless, luteorin and quercetin exhibit strikingly higher activities.
Antioxidant and Photo-antioxidant Activities along the Metabolic Pathway
Previous assessments of functions such as antioxidant activities of the metabolites of tyrosine have mainly been qualitative. In contrast, the present study revealed that the first metabolite, p-coumaric acid, shows higher radical-scavenging activity than the commercial antioxidant, BHT. p-Coumaric acid is further metabolized to a chalcone, which also acquires high photo-antioxidant activity 3) . Chalcones are present only in small amounts, probably due to their instability in plants, and are metabolized to a stable flavonoid, naringenin. Scheme 2 shows the metabolic pathway of flavonoids with their antioxidant and photo-antioxidant activities.
These activities decrease dramatically for the first flavonoid (naringenin) provided with the third C ring, compared with those of chalcones. However, naringenin subsequently changes its chemical structure, and, along with the progress of metabolism, forms metabolites with much higher activities than those of chalcones, for example, by forming a catechol structure in the B ring and a conjugated double bond in the C ring. Therefore, the formation of the C ring from a chalcone weakens antioxidant and photo-antioxidant activities temporarily, but the following flavonoids gradually acquire enhanced antioxidant and photo-antioxidant activities by the acquisition of the double bond and the catechol structure. The final metabolites, quercetin and luteorin, are estimated to almost suppress photooxidation at a concentration of 0.5 mmol/dm 3 . In general, flavonoids are likely to exist in a concentration of 1 mmol/dmmmol/dmin in plants. Such a concentration will be sufficient to completely protect a plant from UV radiation. Thus, plants may safely carry out photosynthesis by making use of a part of the sunlight spectrum.
These results must be useful in applying flavonoids to practical use as antioxidants in the broad sense.
Conclusion Chemical Structure and Function of Flavonoids (polyphenols)
Polyphenols are said to work as antioxidants, but this is only an analogy expecting stronger antioxidants compared with monohydric phenol, because the latter is well known to act as an antioxidant, namely a peroxy radical scavenger. In such general phenolic antioxidants, the phenolic hydroxyl group does not always act as a radical scavenger. This depends on the nature of substituent(s) on the o-and/or p-position(s). The strong electron-donating group, such as an alkyl group, enhances the antioxidant activity of a phenol, but a strong electron-attracting group, such as a carbonyl group, decreases the activity. This general concept also seems applicable to flavonoids. The following substituent effects can be concluded in terms of anti-oxidant activities of flavonoids:
(1) The hydroxyl group on the 7-position of the A ring does not greatly affect antioxidant and photoantioxidant functions, but the hydroxyl group on the 5-position has photo-antioxidant activity in cooperation with the 4-oxo group.
(2) The hydroxyl group on the B ring mainly improves as the antioxidant activity. 
